One-sentence summary: Conditional deletion of c-Flip such as hepatocytes and intestinal epithelial cells results in perinatal lethality due to enhanced apoptosis and programmed necrosis, suggesting that c-FLIP maintains homeostasis of the liver and the intestine by preventing cell death. ABSTRACT Cellular FLICE inhibitory protein (c-FLIP) is a catalytically inactive caspase 8-like homologue that blocks apoptosis. Since c-Flip-deficient mice die at E10.5, it is unclear whether c-FLIP controls homeostasis of the intestine and the liver. To address this issue, we generated conditional c-Flip-deficient mice. Intestinal epithelial cell (IEC)-and hepatocyte-specific deletion of c-Flip resulted in perinatal lethality due to an enhanced apoptosis and programmed necrosis of IECs and hepatocytes, respectively. Tnfr1 deficiency partially rescued perinatal lethality and the development of colitis in IEC-specific c-Flip-deficient mice, but could not rescue hepatocytes-specific c-Flip-deficient mice. Moreover, interferon-inducible c-Flip-deficient mice died by severe hepatitis along with depletion of c-FLIP upon poly I:C injection. Intriguingly, pretreatment of IFN-inducible c-Flip-deficient mice with mixture of neutralizing antibodies against TNFα, Fas ligand, and TRAIL, prevented hepatitis. Together, c-FLIP controls homeostasis of IECs and hepatocytes by preventing apoptosis and programmed necrosis.
INTRODUCTION
Apoptosis is programmed cell death and an essential process for development and tissue homeostasis of multicellular organisms (1). Various stresses trigger the apoptotic pathway through sequential activation of cysteine proteases called caspases. Death receptors, such as TNF receptor 1, Fas, and TRAIL receptors, initiate the apoptotic pathway through oligomerization of an adaptor molecule, FADD and an initiator caspase, caspase 8. Activated caspase 8 subsequently cleaves and activates effector caspases including caspase 3, -6, and -7, resulting in execution of apoptosis. The apoptotic pathway is suppressed by the transcription factor NF-κB, which also controls a variety of responses including immune regulation and organogenesis (2, 3) . NF-κB upregulates various antiapoptotic and antioxidant genes, such as cellular FLICE-inhibitory protein (c-FLIP), Bcl-x L , A1/Bfl-1, X chromosome-liked inhibitor of apoptosis (XIAP), ferritin heavy chain, and manganese-dependent superoxide dismutase (4, 5) . Among them, c-FLIP is the most potent antiapoptotic protein that directly binds to and blocks caspase 8. In addition to the expression of c-FLIP is transcriptionally upregulated by NF-κB (6), we and others have previously shown that NF-κB maintains c-FLIP levels through preventing proteasome-dependent degradation of c-FLIP (7, 8) .
Recent studies have revealed another type of programmed cell death that is called programmed necrosis or necroptosis (9, 10) . The necroptotic pathway, which is triggered by TNFα or viral infection, largely depends on two related kinases, receptor interacting serine-threonine kinase (RIPK)1 and RIPK3 (11) (12) (13) (14) . While previous studies have shown that mice deficient either in Fadd, Caspase 8, or c-Flip, die at E10.5 due to a failure in yolk sac vascularization (15) (16) (17) (18) , mice lacking death receptors such as Tnfr1 or Fas do not exhibit embryonic lethality (19, 20) . Intriguingly, deletion of Ripk1 or Ripk3 rescues the embryonic lethal phenotype of Fadd-and Caspase 8-deficient mice through preventing necroptosis (21, 22) . These results suggest that the FADD/caspase 8-dependent pathways block RIPK1-and RIPK3-dependent necroptosis in the normal development (9, 13, 23) . On the other hand, a previous study has shown that c-FLIP inhibits both necroptosis and apoptosis in vitro (24) . Consistently, compound deletion of Ripk3 and Fadd, but not Ripk3 or Fadd alone, is required to rescue embryonic lethality of c-Flip-deficient mice (25) . Although several conditional c-Flip-deficient mice have been reported (26) (27) (28) To address these issues, we generated conditional c-Flip-deficient mice.
While IEC-or hepatocyte-specific c-Flip-deficient mice were born at the expected Mendelian ratios, but died by apoptosis and necroptosis soon after birth. Moreover, inducible hepatocyte-specific c-Flip-deficient mice died by severe hepatitis soon after depletion of c-FLIP in hepatocytes. Intriguingly, pretreatment of inducible hepatocyte-specific c-Flip-deficient mice with neutralizing antibodies against TNFα, Fas ligand (FasL), and TRAIL prevented hepatitis after depletion of c-FLIP. Together, our study highlights that c-FLIP plays an essential role in maintaining homeostasis of the intestine and the liver through preventing cell death induced by TNFα, FasL, and TRAIL.
RESULTS

Deletion of c-Flip in IECs results in perinatal lethality
To investigate a role for c-FLIP in controlling homeostasis of IECs, we generated IEC-specific c-Flip-deficient mice by crossing c-Flip flox/flox (c-Flip F/F ) mice with Villin-Cre mice. c-Flip F/F ;Villin-Cre mice were born at the expected Mendelian ratios, however, all c-Flip F/F ;Villin-Cre mice died within one day after birth (Table 1) ). Moreover, typical apoptotic cells were already detected in the intestine of c-Flip F/F ;Villin-Cre mice at E18.5 ( Fig. 1D ), indicating that the apoptotic process of IECs started in utero. Electron transmission microscopy revealed that some IECs showed typical apoptotic morphology, whereas other IECs exhibited cytoplasmic vacuolization without apparent chromatin condensation, suggesting that IECs of c-Flip F/F ;Villin-Cre mice died by apoptosis and necroptosis ( Fig. 1E ). To investigate the mechanism underlying cell death of IECs of c-Flip F/F ;Villin-Cre mice, we investigated the expression of death ligands. The amounts of Il6, Tnf, and Fasl, but not Trail mRNAs, were significantly increased in the small intestine of c-Flip F/F ;Villin-Cre mice at P0 ( Fig. 1F ), prompting us to test whether TNFα might be responsible for cell death of IECs. Consistently, crossing of c-Flip F/F ;Villin-Cre mice with Tnfr1 -/mice partially rescued perinatal lethality of c-Flip F/F ;Villin-Cre mice (Table S1 ). Furthermore, a few c-Flip F/F ;Villin-Cre;Tnfr1 +/mice that survived longer than 5 months did not develop colitis ( fig. S2 ), suggesting that TNFR1-dependent signaling was involved in the development of colitis in c-Flip F/F ;Villin-Cre mice. Together, c-FLIP plays an indispensable role in preventing IECs from apoptosis and necroptosis.
Deletion of c-Flip in hepatocytes results in perinatal lethality
A previous study has reported a phenotype of hepatocyte-specific c-Flip-deficient mice generated by crossing c-Flip F/F mice with Albumin-Cre mice (28) . Consistent with this study, we found that c-Flip F/F ;Alb-Cre mice developed normally ( Fig. 2A ), but showed an increase in susceptibility to anti-Fas antibody-and Concanavalin A-induced hepatitis (Figs. 2, C to F and fig. S3 ). Notably, we found that c-FLIP protein was not completely depleted in hepatocytes as well as the livers of c-Flip F/F ;Alb-Cre mice ( Fig. 2B ), prompting us to hypothesize that a relatively mild phenotype of c-Flip F/F ;Alb-Cre mice compared to c-Flip F/F ;Villin-Cre mice might be due to an incomplete depletion of c-FLIP protein in hepatocytes. To achieve complete depletion of c-FLIP protein in hepatocytes, we crossed c-Flipflox mice with α-fetoprotein (Alfp)-Cre mice, in which expression of Cre is under the control of the Albumin promoter plus an Alfp enhancer (29) . All c-Flip F/F ;Alfp-Cre mice were born at the expected Mendelian ratios, but, to our surprise, the mice died within 2 days after birth (Table S2) . Therefore, we analyzed Table S3 ). 
Interferon (IFN)-inducible c-Flip-deficient mice develop fatal hepatitis after poly I:C injection
Development of hepatitis largely depends on TNFα, TRAIL, and FasL in c-Flip F/F ;Mx1-Cre mice
Taken that poly I:C injection alone resulted in severe hepatitis along with depletion of c-FLIP protein in hepatocytes ( Fig. 4 ), one may surmise that some death ligand(s) are induced by poly I:C injection and mediate apoptosis of hepatocytes under c-FLIP-deficient conditions. TRAIL, FasL, and TNFα have been shown to induce hepatotoxicity under certain experimental conditions (31) . We found that poly I:C injection significantly increased the amounts of these genes in the livers of wild-type mice ( Fig. 5A ). Intriguingly, pretreatment of c-Flip F/F ;Mx1-Cre mice with mixtures of three neutralizing antibodies significantly prevented poly I:C-induced elevation of serum ALT concentrations, apoptosis of hepatocytes, and activation of caspase 3 ( Fig. 5 , B to F). However, injection of either anti-TNFα, anti-FasL, or anti-TRAIL antibody alone, or combination of two of them, were not sufficient to prevent hepatitis in c-Flip F/F ;Mx1-Cre mice (Fig. 5G ). These results suggest that apoptosis of hepatocytes was largely mediated by these death ligands.
Death ligands produced by Kupffer cells upon poly I:C injection might be responsible for hepatotoxicity
We finally investigated which cells in the liver exhibited cytotoxicity against hepatocytes under c-Flip-deficient conditions. Previous studies have shown that NK cells and Kupffer cells express death ligands such as TRAIL and FasL, and exhibit cytotoxicity against hepatocytes under various conditions (32, 33) . We first verified that administration of clodronate liposomes and anti-asialo GM1 (ASGM1) antibody completely depleted Kupffer cells and NK cells, respectively ( fig. S6A and B). 
DISCUSSION
In the present study, we have shown that c-FLIP plays an essential role in maintaining homeostasis of the intestine and the liver by preventing apoptosis and necroptosis. Accumulating studies have shown that commensal bacteria in the colon activates immune cells through MyD88-dependent TLR signaling, triggering the expression of inflammatory cytokines such as TNFα that participate in the development of colitis (38, 39) . Indeed, IEC-specific deletion of Nemo, an essential component of the IκB kinase complex, results in the development of colitis at two to three weeks after birth due to the colonization of commensal bacteria (40) . Therefore, it is unlikely that the presence of commensals in pregnant mice could promote apoptosis of IECs of Mice c-Flip F/F mice were on a 129/B6 mixed background and described previously (27) . c-Flip F/F mice on a C57BL/6 background that were backcrossed with C57BL/6 mice at 9 generations were used for some experiments. C57BL/6 mice (CD45.2) and C57BL/6-SJL (CD45.1) mice were purchased from CLEA-Japan Inc. and SankyoLab, respectively. Villin-Cre, Mx1-Cre, and Alb-Cre mice were purchased from Jackson Laboratory. Alfp-Cre mice were generated and described previously (29) . 
MATERIALS AND METHODS
Reagents and cell culture
To generate IEC-specific c-Flip-deficient mice, c-Flip
Induction of hepatitis
c-Flip F/F and c-Flip F/F ;Alb-Cre mice (8-to 12-week-old mice) were injected intravenously with antibody against Fas (0.25 mg/kg) or concanavalin A (15 mg/kg). Sera were collected and the livers were removed at the indicated times after injection.
In vivo administration of neutralizing antibodies
c-Flip F/F ;Mx1-Cre mice were injected intraperitoneally with control rat IgG, anti-TNFα, anti-FasL, and anti-TRAIL antibodies (300 µg each/mouse). These antibodies were produced and purified in house except for control rat IgG. At 2 hours after injection of these antibodies, mice were subsequently challenged intraperitoneally with poly I:C (15 mg/kg). 
Depletion of Kupffer cells or NK cells
Histological, immunohistochemical, and immunofluorescence analyses
The intestine and the liver were fixed in 10% formalin and embedded in paraffin blocks.
Paraffin-embedded intestine and liver sections were used for H&E staining. TUNEL 
Transmission electron microscopy
Caspase activity
Caspase 3 activity was measured by fluorometric assay as previously described (45) .
Liver extracts were incubated with Ac-DEVD-AMC (20 µM), and the release of fluorescent 7-amino-4-methylcoumarin was measured on a fluorometer (FlexStation II, Molecular Devices).
Reciprocal Bone marrow transplantation
The bone marrow (BM) cells from donor mice were prepared and depleted with anti-CD5 beads using AutoMacs according to the manufacturer's instruction (Miltenyi Biotec). After depletion of mature T cells from bone marrow cells, 4~5 x 10 6 BM cells were transferred to donor mice that had been exposed to lethal radiation (9 Gray). At 6 to 8 weeks after transfer, the peripheral blood was collected, the chimerism of bone marrow cells were calculated by counting numbers of CD45.1-and CD45.2-positive cells by flow cytometry. Average chimerisms were approximately 85 to 98 %.
Isolation of liver mononuclear cells
Preparation of mononuclear cells from the livers was performed as previously described (46) . Briefly, the livers were passed through stainless steel mesh and suspended in PBS. 
Statistical analysis
Statistical analysis was performed by unpaired Student's t test, Turkey's one-way analysis of variance (ANOVA) test, or the log rank test. P < 0.05 was considered to be statistically significant. Analysis was performed using mice at P0 except for (D). The amount of the indicated mRNAs in the livers at P0 and P1 was quantified by qPCR.
SUPPLEMENTARY MATERIALS
Results are mean ± SE (n=6 to 8 mice). **p<0.01. ns, not significant. c-Flip F/+ ;Villin mice were crossed with c-Flip F/F mice, and genotypes of progeny at the indicated days before (E) or after (P) birth were determined by PCR. Percentages indicate the proportion of c-Flip F/F ;Villin-Cre pups from all litters.
Genotyping was performed in 3-to 4-week-old mice. c-Flip F/+ ;Alfp-Cre mice were crossed with c-Flip F/F mice, and genotypes of progeny at the indicated days after birth were determined by PCR.
